INTRODUCTION
The fourth paper in the series of the discovery of isotopes [1, 2, 3] , the discovery of the tungsten isotopes is discussed. Previously, the discovery of cerium [1] , arsenic [2] and gold [3] isotopes was discussed. The purpose of this series is to document and summarize the discovery of the isotopes. Guidelines for assigning credit for discovery are (1) clear identification, either through decay-curves and relationships to other known isotopes, particle or γ-ray spectra, or unique mass and Z-identification, and (2) publication of the discovery in a refereed journal. The authors and year of the first publication, the laboratory where the isotopes were produced as well as the production and identification methods are discussed. When appropriate, references to conference proceedings, internal reports, and theses are included. When a discovery included a half-life measurement the measured value is compared to the currently adapted value taken from the NUBASE evaluation [4] which is based on ENSDF database [5] . In cases where the reported half-life differed significantly from the adapted half-life (up to approximately a factor of two), we searched the subsequent literature for indications that the measurement was erroneous. If that was not the case we credited the authors with the discovery in spite of the inaccurate half-life.
DISCOVERY OF 158−192 W
Thirty-five tungsten isotopes from A = 158 − 192 have been discovered so far; these include 5 stable, 7 neutron-rich and 23 proton-rich isotopes. According to the HFB-14 model [6] , tungsten isotopes ranging from 154 W through 250 W should be particle stable. Thus, there remain 62 isotopes to be discovered. In addition, it is estimated that 8 additional nuclei beyond the proton dripline could live long enough to be observed [7] . About one-third of all possible tungsten isotopes have been produced and identified so far. Undiscovered, predicted to be bound Undiscovered, unbound with lifetime > 10 s -9 Projectile Fragmentation (PF)
FIG. A.
Tungsten isotopes as a function of when they were discovered. The different production methods are indicated. The solid black squares on the right hand side of the plot are isotopes predicted to be bound by the HFB-14 model. On the proton-rich side the light blue squares correspond to unbound isotopes predicted to have lifetimes larger than ∼ 10 −9 s. Figure A summarizes the year of first discovery for all tungsten isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. Only four different reaction types were used to produce the radioactive tungsten isotopes; heavy-ion fusion evaporation (FE), light-particle reactions (LP), neutron-capture reactions (NC) and projectile fragmentation (PF). The stable isotopes were identified using mass spectroscopy (MS). Heavy ions are all nuclei with an atomic mass larger than A = 4 [8] . Light particles also include neutrons. In the following, the discovery of each tungsten isotope is discussed in detail. [10] . Beams of 58 Ni were incident on various targets of silver, palladium, and rhodium. Fusion-evaporation products were imbedded into a silicon surface barrier detector after leaving the target. By measuring the products' α decays, rare neutron deficient isotopes, such as 160 W, were found: "In the investigated reactions the eleven new isotopes ... 160 W ... could be identified." The α-particle decay energy of 160 W was measured to be 5920 (10) Mg,xn) . The isotopes were identified by their radioactivity using a helium jet technique. The authors state for the observation of 161 W: "We make the tentative suggestion that 161 W may decay by emission of an α-particle of energy about 5.75 MeV." This energy was later confirmed [10] . For 162 W, the α decay energy was found to be E α = 5.53(1) MeV and only an upper limit for the lifetime was quoted: "We have not been able to measure the lifetime of 162 W. Practically no events at all are seen at 5.53 MeV in the observation of a catcher plate flipped out of the helium jet, so the lifetime must be considerably shorter than the dead time of 1/4 s." This limit was later found to be incorrect [10] . The α-decay energy of 163 W was 5.385(5) MeV with a half-life of 2.5(3) s which agrees with the accepted value of 2.8(2) s. The α-decay energy of 164 [12] . The isotopes were produced with 16 O beams from the Oak Ridge isochronous cyclotron bombarding a 156 Dy target. The ORIC gas-jetcapillary system transported the nuclei to a collection chamber where the decay of fusion-evaporation residues was measured. 165 W undergoes α decay with a half-life of 5.1(5) s and an associated energy of E α = 4.909(5) MeV. 166 W decays by α emission with a half-life of 16(3) s and an associated energy of E α = 4.739(5) MeV. The identification was supported by the following statements: "... the energies determined in this work for 165 W and 166 W fit well not only as an extension of the data of Eastham and Grant [11] but also into the general α-decay systematics in this mass region." Furthermore "... stringent arguments can be presented to exclude the assignment of the new α emitters to isotopes of elements below hafnium. Thus, ... we believe that the two new α groups represent the α decay of 165 [19] . 20, 22 Ne beams accelerated to 145−155 MeV by the Dubna U-300 accelerator bombarded isotopically enriched 155 Gd and 156 Gd targets. The isotope was produced in xn fusion-evaporation reactions and identified by measuring γ-ray spectra following chemical separation. The paper states: " Figure 4 shows the chemical results, while Fig. 5 [20] . The experimental details were included in a subsequent longer paper [21] . Excitation functions of 11 B, 14 N, and 19 F beams from the Lawrence Radiation Laboratory Hilac on 159 Tb, 165 Ho, and 169 Tm were measured. To produce 172 W, a 117 MeV 14 N beam bombarded a holmium target, resulting in the fusion-evaporation reaction 165 Ho( 14 N,7n) 172 W. A single wedge-gap electron spectrometer was used to detect conversion electrons. In addition, γ-ray spectra were recorded with NaI(Tl) and germanium detectors. The original paper only shows the rotational constants as a function of spin. The second paper presents 9 γ-ray transitions up to spin 18 in 172 W and states: "Mass assignments were made on the basis of the change in bombarding energy necessary to go from the maximum of the excitation function of one even nucleus to that of the next lighter one-about 30 MeV per pair of neutrons out. The close similarity in bombarding energy to produce a given reaction in any of these three targets coupled with the results of a number of cases where a given product could be made via more than one reaction leaves no doubt as to the mass assignments." [22] . Tantalum oxide was bombarded with protons between 40 and 155 MeV from the Orsay synchrocyclotron. The isotopes were separated using a magnetic separator and their γ-ray spectra were measured. "Des cristaux NaI(Tl) 7.5x7.5 cm et 2.5x2.5 cm reliés a un analyseurà 256 canaux ont permis de déterminer les périodes et d'identifier les spectres γ des isotopes 173, 175, 177 et 179 du tungstène et du tantale." (7.5x7.5 cm and 2.5x2.5 cm NaI(Tl) crystals with a 256 channel analyzer were used to identify the γ spectra of tungsten and tantalum isotopes 173, 175, 177, and 179.) The extracted half-life of 173 W of 16 (5) [20] . The experimental details were included in the subsequent longer paper [21] . Excitation functions of 11 B, 14 N, and 19 F beams from the Lawrence Radiation Laboratory Hilac on 159 Tb, 165 Ho, and 169 Tm were measured. 174 W was produced with a 83 MeV 11 B beam bombarding a thulium target in the fusion-evaporation reaction 169 Tm( 11 B,6n) 174 W. A single wedgegap electron spectrometer was used to detect conversion electrons. In addition, γ-ray spectra were recorded with NaI(Tl) and germanium detectors. The original paper only shows the rotational constants as a function of spin. The second paper presents 7 γ-ray transitions up to spin 14 in 174 W. The half-life of 174 W was first reported one month prior to the submission of the first Stephens paper in an internal report by Santoni and Valentin [23] and independently a year later in a refereed publication by Demeter et al. [24] . 175 
W
In 1963 Santoni et al. reported the discovery of 175 W together with the discovery of 173 W in Spectres γ et Periodes de Quatre Isotopes de A Impair du Tungstene et Du Tantale [22] . Tantalum oxide was bombarded with protons between 40 and 155 MeV from the Orsay synchrocyclotron. The isotopes were separated using a magnetic separator and their γ-ray spectra were measured. "Des cristaux NaI(Tl) 7.5x7.5 cm et 2.5x2.5 cm reliésà un analyseurà 256 canaux ont permis de déterminer les périodes et d'identifier les spectres γ des isotopes 173, 175, 177 et 179 du tungstène et du tantale." (7.5x7.5 cm and 2.5x2.5 cm NaI(Tl) crystals with a 256 channel analyzer were used to identify the γ spectra of tungsten and tantalum isotopes 173, 175, 177, and 179.) The half-life of 175 W was determined to be 34 (1) [25] . Protons from the 184-cyclotron directed on a tantalum target created the isotopes. "The bombardment of tantalum with protons of energy 10 to 70 Mev has led to the characterization of five new radioactive isotopes of wolfram." Wilkinson counted the observation of an isomeric state in 179 W as the fifth isotope. They were identified following chemical separation by the measurement of K X-rays, electrons and γ radiation. The half-life of 176 W was measured to be 80 (5) however, they could not uniquely assign it to a specific tungsten isotope (either 178 W or 179 W) [26] . 180 
Dempster reported the existence of the stable isotope 180 W in 1937 in The Isotopic Constitution of Tungsten [27] . Although there was prior evidence for its existence, impurities of the tungsten electrodes prevented a firm identification. "With pure tungsten electrodes, six photographs have been made showing the isotope at 180, and by varying the time of exposure, its intensity was estimated as approximately one one-hundredth of that of the isotope at 183. In the earlier photographs, the faint isotope was also found on two photographs of doubly charged ions, on two of triply charged ions, and on one of quadruply charged ions. Thus there can be no doubt that tungsten has a fifth faint stable isotope at mass 180." [29] . The observation was "made possible by the preparation of the volatile carbonyl, W(CO) 6 , by Dr. A. v. Grosse, of Berlin. It was to be expected from the greater atomic weight that the photographic effect would be feeble, and only by means of very sensitive plates were lines of satisfactory intensity obtained." 185 
In 1940, Minawaka reported the discovery of 185 W in Neutron-Induced Radioactivity of Tungsten [30] . Pure metallic tungsten powder was irradiated with slow and fast neutrons produced in nuclear reactions in the Tokyo cyclotron. A Lauritsen type electroscope, chemical separation and measurements with a thin-walled G-M counter and a magnetic field were used to identify 185 W. "From the relative intensities of both periods ..., it was found that the shorter period is produced practically only with slow neutrons and the longer one both with fast and slow neutrons. [30] . Pure metallic tungsten powder was irradiated with slow and fast neutrons produced in nuclear reactions in the Tokyo cyclotron. A Lauritsen type electroscope, chemical separation and measurements with a thin-walled G-M counter and a magnetic field were used to identify 187 W. "From the relative intensities of both periods ..., it was found that the shorter period is produced practically only with slow neutrons and the longer one both with fast and slow neutrons. The above results lead to the conclusion that 24-hour activity is due to W 187 ..." This half-life (24.0(1) h) is consistent with the accepted value of 23.72(6) h. Previously, an ∼ 24 h half-life had been measured but could not be assigned to a specific tungsten isotope [32, 33, 34] . It should be mentioned that Fajans and Sullivan confirmed the result by Minawaka later in the same year [31] . [35] . 188 W was formed through successive neutron capture from 186 W by neutron irradiation in a nuclear reactor. "A new radioisotope of tungsten, mass 188, which was formed by successive neutron capture by the heaviest stable tungsten isotope, W 186 , has been indirectly established in the presence of very large levels of other radio-tungsten isotopes. This was accomplished by observing the activity of the known Re 188 which arises as a result of the decay of the W 188 ." The measured half-life of 65 (5) [39] . A 950 A·MeV 197 Au beam from the SIS synchrotron of GSI was incident on a beryllium target, resulting in projectile fragmentation. The FRS fragment separator was used to select isotopes with a specific mass-to-charge ratio. "The mass resolution achieved in this measurement was A/∆A ≈ 400 ... the isotopes ... 191 W, 192 W ... were clearly identified for the first time. Only isotopes with a yield higher than 15 counts were considered as unambiguously identified."
SUMMARY
It is interesting that six tungsten isotopes ( 167−169 W, 171−172 W and 174 W) were first identified in high-spin γ-ray spectroscopy experiments where the authors were not aware of the fact that they were the first to observe the specific isotope. The first measurement of the half-life of 171 W was significantly different from the later accepted values and was not credited with the discovery. The half-lives of two other isotopes ( 177 W and 187 W) were observed first without being assigned to the specific isotopes. 
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